1. Introduction {#s0005}
===============

Magnesium gluconate (MgC~12~H~22~O~14~) is an organometallic pharmaceutical salt of magnesium with gluconic acid, which is a weak organic acid formed from glucose through a simple dehydrogenation reaction catalyzed by glucose oxidase [@bib1]. Magnesium gluconate has the potential industrial application in nutraceutical and pharmaceutical sectors as a source of magnesium ion (Mg^2+^), which is the major essential nutrient for human body functions, such as structural constituent of bone, regulator of more than 300 enzymes, cofactor for DNA and RNA synthesis, reproduction and protein synthesis [@bib2], [@bib3], [@bib4]. There are several factors responsible for magnesium deficiency or hypomagnesemia in our body [@bib5], [@bib6]. Magnesium is effective for the prevention and treatment of numerous ailments such as cardiovascular diseases [@bib7], diabetes mellitus [@bib8], pre-eclampsia and eclampsia, Alzheimerʼs disease, asthma, and hearing loss [@bib9], [@bib10], [@bib11]. Magnesium gluconate can be used as potent antioxidant for the prevention and treatment of many diseases, such as diabetes mellitus, allergy, inflammatory diseases, immunological disorders [@bib12], [@bib13], ischemia/reperfusion injury [@bib14] along with other antioxidant agents. It can be used as an oral tocolytic agent [@bib15], neuroprotective agent [@bib16], and also in the skin-tightening cosmetic composition [@bib17]. Furthermore, magnesium gluconate shows the highest bioavailability of magnesium and is also a physiologically acceptable salt among from the other commercially available magnesium salts [@bib13], [@bib18].

Pharmaceutical solids during process, development and storage have a common tendency to exist in more than one form or crystal structure, *i.e.* polymorphism, which shows different physicochemical and thermal properties including melting point, solubility, dissolution rate, physical/chemical stability, mechanical, optical properties, etc. [@bib19], [@bib20]. Selection of the optimum solid form of the pharmaceuticals/nutraceuticals plays an important role in the successful drug product performance, *viz*. processing, solubility, dissolution rate, therapeutic efficacy, toxicity, bioavailability, and stability with respect to the atmospheric conditions and formulation excipients [@bib20], [@bib21]. Powder X-ray diffraction (PXRD), particle size analysis (PSA), Fourier transform infrared (FT-IR) spectrometry, ultraviolet--visible (UV--Vis) spectroscopy, differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), and differential thermogravimetric analysis (DTG) are advanced analytical techniques used for the solid state characterization of the pharmaceutical solids and also helpful in elucidating various difficulties faced during their formulation and development [@bib19], [@bib20], [@bib21], [@bib22], [@bib23]. To the best of our knowledge, a comprehensive characterization on physicochemical and thermal properties of magnesium gluconate using PXRD, PSA, FT-IR, UV--Vis spectroscopy, TGA, DTG and DSC techniques has not been reported till to date. Therefore, PXRD, PSA, FT-IR, UV--Vis spectroscopy, TGA, DTG and DSC techniques were conducted in this study to analyze the solid state properties, *viz.* physicochemical and thermal properties of magnesium gluconate.

2. Experimental {#s0010}
===============

2.1. Chemicals {#s0015}
--------------

Magnesium gluconate hydrate was purchased from Tokyo Chemical Industry Co., Ltd. (TCI), Japan. All the other chemicals used in this experiment were of analytical grade procured from the vendors in India.

2.2. PXRD analysis {#s0020}
------------------

The XRD patterns of solid state form of magnesium gluconate were measured with PANalytical X'Pert Pro powder X-ray diffractometer, UK. Radiations were produced from CuKα source and filtered through nickel filters with a wavelength of 0.154 nm, running at 45 kV voltage and 40 mA current. Scanning was done at a scanning rate of 0.2089°/s over a 2*θ* range from 2° to 50° at a step size of 0.017° and step time of 10.16 s. The ratio of Kα--2 and Kα--1 in this instrument was 0.5 (k, equipment constant). The XRD data were collected in the form of the Bragg angle (°2*θ*) vs. intensity (counts per second), and a detailed table containing information on peak intensity counts, d value (Å), relative intensity (%), full width half maximum (FWHM) (°2*θ*), area (cts\*°2*θ*) using X'Pert data collector and X'Pert high score plus processing software. The crystallite size (G) was calculated from the Scherrer equation [@bib24], [@bib25] as follows:$$G = k\lambda/\left( {\text{bCos}\theta} \right)$$where k is the equipment constant (0.5), λ is the X-ray wavelength (0.154 nm); b in radians is the full-width at half of the peaks and θ is the corresponding Bragg angle.

2.3. PSA {#s0025}
--------

PSA was conducted on Malvern Mastersizer 2000, UK with a detection range between 0.01 and 3000 µm using wet method. The sample unit (Hydro 2000 SM) was filled with a dispersant medium (Sunflower oil) and the stirrer was operated at 2500 rpm. Refractive index values for dispersant and samples were 0.0 and 1.46, respectively. After the background measurement followed by alignment of the optics, the sample was added into the sample unit with constant monitoring the obscuration and the addition of sample was stopped when the obscuration reached between 10% and 20%. When the obscuration was stable, the measurement was taken twice and the average histogram was recorded. Consequently, PSA of magnesium gluconate was repeated for six times to obtain the average particle size distribution. d(0.1) μm, d(0.5) μm, and d(0.9) μm represent particle diameter corresponding to 10%~,~ 50%~,~ and 90% of the cumulative distribution. D(4,3) represents the average mass-volume diameter and the specific surface area (SSA) (m^2^/g) was calculated by using software Mastersizer 2000.

2.4. FT-IR spectroscopy analysis {#s0030}
--------------------------------

FT-IR analysis was performed on Spectrum two (Perkin Elmer, USA) Fourier transform infrared spectrometer with the frequency range of 400--4000 cm^−1^ at a resolution of 4 by mixing magnesium gluconate with potassium bromide (KBr). FT-IR reveals the information about functional groups present in magnesium gluconate.

2.5. UV--Vis spectroscopy analysis {#s0035}
----------------------------------

The UV--Vis analysis was carried out using Shimadzu UV-2450 with UV Probe, Japan. The spectrum was recorded using 1 cm quartz cell that has a slit width of 1.0 nm. The wavelength range chosen for recording the spectrum was 190--800 nm. The wavelength of the absorbance maximum (λ~max~) was recorded.

2.6. TGA/DTG {#s0040}
------------

TGA/DTG thermograms of magnesium gluconate were obtained in a TGA Q50 themoanalyzer apparatus, USA under dynamic nitrogen atmosphere (50 mL/min) using a platinum crucible at a heating rate of 10 °C/min from room temperature to 900 °C with a sample mass of 7.58 mg. In TGA, the weight loss for each step was recorded in gram as well as in percent loss with respect to the initial weight. In DTG, the onset, endset, and peak temperature of each peak were recorded.

2.7. DSC {#s0045}
--------

DSC curve of magnesium gluconate was accomplished in a DSC Q20 differential scanning calorimeter, USA under dynamic nitrogen atmosphere (50 mL/min) with a sample mass of 8.23 mg using aluminum pan at a heating rate of 10 °C/min from 25 to 450 °C. The value for onset, endset, peak temperature, peak height (mJ or mW), peak area, and change in heat (J/g) for each peak were recorded.

3. Results and discussion {#s0050}
=========================

3.1. PXRD analysis {#s0055}
------------------

PXRD is an accurate and reliable technique for the identification and characterization of polymorph, monitoring of the stability, method development and validation for qualitative as well as quantitative analysis of pharmaceuticals/nutraceuticals in pharmaceutical and nutraceutical industries [@bib23].

Crystal pattern and crystallite size of a pharmaceutical salt play an important role on its solubility, dissolution, and bioavailability [@bib26]. Besides, the changes of the PXRD patterns such as crystallite size and relative intensities indicate the modification of the morphology of the crystal and are commonly used to identify and characterize the different polymorphic transition of a pharmaceutical solid compound [@bib27], [@bib28]. Thus, PXRD study was conducted to explore the crystalline pattern of magnesium gluconate.

The PXRD diffractogram of magnesium gluconate ([Fig. 1](#f0005){ref-type="fig"}) exhibited the well-defined, narrow, sharp and intense peaks at 2*θ* equal to nearly 5.235°, 10.050°, 14.059°, 15.996°, 16.562°, 18.108°, 18.644°, 19.226°, 20.258°, 21.091°, 22.551°, 23.764°, 24.913°, 25.662°, 27.526°, 29.520°, 30.785°, 31.591°, 32.099°, 34.004°, 34.657°, 35.886°, 37.769°, 39.789°, 40.596°, 41.998°, 42.700°, 44.308°, 45.464°, and 49.451°. These results indicated that the sample was crystalline in nature. Besides, other XRD parameters such as relative intensity (%), full width half maximum (FWHM), area, and crystallite size (G, nm) for magnesium gluconate are presented in [Table 1](#t0005){ref-type="table"}. The crystallite size was calculated according to the Eq. [(1)](#eq0005){ref-type="disp-formula"} and found to be in the range from 14.10 to 47.35 nm ([Table 1](#t0005){ref-type="table"}).Fig. 1Powder X-ray diffraction pattern of magnesium gluconate.Fig. 1Table 1Powder X-ray diffraction data with Bragg angle, d-spacing, relative intensities, FWHM, areas, and crystallite size of magnesium gluconate.Table 1Bragg angle (°2θ)d-spacing (Å)Rel. Int.[a](#tbl1fna){ref-type="table-fn"} (%)FWHM[b](#tbl1fnb){ref-type="table-fn"} (°2θ)Area (cts\*°2θ)Crystallite size (G, nm)5.23516.883100.000.1171618.0637.6310.0508.80129.400.1840285.5324.0114.0596.30035.850.1506284.8529.4515.9965.54121.650.1338152.8933.2216.5625.35312.260.150697.4329.5318.1084.89945.420.1338320.8133.3118.6444.75962.700.2342775.0419.0519.2264.61755.200.2007584.8122.2420.2584.38317.950.1506142.6329.6921.0914.21224.140.1673213.1326.7622.5513.94340.940.1506325.3229.8023.7643.74440.940.2007433.7922.4124.9133.57418.880.1338133.3533.6925.6623.47115.260.1673134.7626.9927.5263.24130.990.1673273.6427.0929.5203.02626.460.1338186.9034.0230.7852.90412.030.2676169.9817.0631.5912.83218.650.2007197.5622.8032.0992.78917.460.1673154.1527.3834.0042.63711.800.133883.3334.4134.6572.58817.430.2175200.0321.2035.8862.50224.110.1673212.8627.6637.7692.38218.120.2007191.9723.1839.7892.26624.500.2175281.1724.5040.5962.22228.220.1673249.1328.0641.9982.15115.830.3346279.6114.1042.7002.1189.960.2676140.6817.6744.3082.04418.770.100499.4547.3545.4641.9939.650.2040140.4823.4049.4511.84210.780.122494.0939.61[^1][^2]

3.2. PSA {#s0060}
--------

The particle properties like particle size, shape and surface area of the active pharmaceutical ingredients are very important for successful dosage form design and drug performance, *viz*. solubility, dissolution and *in vivo* bioavailability [@bib29].

So, measurement of particle size distribution is a key requirement during the process and development of the products in pharmaceutical and nutraceutical industries. Here, PSA of magnesium gluconate was repeated for six times and the results are summarized in [Table 2](#t0010){ref-type="table"}. The average particle size distribution of magnesium gluconate (*n*=6) was observed at d(0.1)=6.552 µm, d(0.5)=38.299 µm, d(0.9)=173.712 µm and D(4,3)=67.122 µm. The average SSA of magnesium gluconate was 0.372 m^2^/g.Table 2Particle size distribution of magnesium gluconate.Table 2Measurementd (0.1) (µm)d (0.5) (µm)d (0.9) (µm)D (4,3) (µm)SSA (m^2^/g)16.97038.511182.41570.1720.35926.07033.495148.38057.8450.40336.56740.582173.28267.7540.36146.68738.070161.29063.4540.36756.30636.480173.81065.5080.38566.71242.656203.09477.9990.354Average6.55238.299173.71267.1220.372[^3]

3.3. FT-IR spectroscopy analysis {#s0065}
--------------------------------

The FT-IR spectroscopy has been applied for evaluating the alterations in molecular conformations, crystal packing and hydrogen bonding arrangements for various solid state forms of the pharmaceutical solids [@bib30]. The FT-IR spectrum of magnesium gluconate ([Fig. 2](#f0010){ref-type="fig"}) exhibited only one broad band of high intensity in the range from 3200 to 3600 cm^−1^ with centroid at 3399 cm^−1^ that is due to the stretching vibration of hydroxyl group of water present in magnesium gluconate hydrate.Fig. 2FT-IR spectrum of magnesium gluconate.Fig. 2

The stretching vibrations bands for the primary and secondary hydroxyl groups from the gluconate part of magnesium gluconate appeared in the range of 3200--3600 cm^−1^, which was not observed due to the intensive broad band of water [@bib31]. Consequently, the deformation vibration bands at 1434 cm^−1^ as well as 636 and 577 cm^−1^ were observed in the spectrum of magnesium gluconate for the primary and secondary hydroxyl groups in the plane δ(OH) and out-of-plane γ(OH), respectively. The spectrum also displayed C-H stretching at 2935 and 1381 cm^−1^. A very sharp and intensive vibration band at 1606 cm^−1^ for C=O stretching was observed in the spectrum, indicating the presence of carbonyl group in magnesium gluconate ([Fig. 2](#f0010){ref-type="fig"}). Thereafter, the C-O stretching vibration band for the primary alcohol group was found at 1057 cm^−1^. Consequently, the absorption peaks at 1229 and 1142 cm^−1^ due to the C-O stretching vibrations of the secondary alcohol groups were also observed in the spectrum of magnesium gluconate. Thus, FT-IR analysis revealed the presence of the characteristic absorption bands for the functional groups present in the structure of magnesium gluconate ([Fig. 3](#f0015){ref-type="fig"}).Fig. 3Structure of magnesium gluconate.Fig. 3

3.4. UV--Vis spectroscopy analysis {#s0070}
----------------------------------

Literature reported that the 0.1% aqueous solution of magnesium gluconate showed a maximum absorption peak (λ~max~) at 194.7 nm [@bib32]. The UV--Vis spectrum of our sample ([Fig. 4](#f0020){ref-type="fig"}) showed that the maximum absorbance peak (λ~max~) was at 198.0 nm.Fig. 4UV--Vis spectrum of magnesium (II) gluconate.Fig. 4

UV absorbance of magnesium gluconate occurs due to the σ→σ^\*^ energy transition by σ - bonded electrons present in the C-C and C-H functional groups and π→π^\*^ transition due to the presence of lone pair electrons in C=O group. These types of electronic transitions occurred when the difference in energy between the lowest unoccupied molecular orbital and the highest occupied molecular orbital is significantly higher than the activation energy of the compound [@bib33]. This UV--Vis data can be used for identification and quantitative analysis of magnesium gluconate in pharmaceutical and nutraceutical industries.

3.5. Thermal analysis {#s0075}
---------------------

The stability of a pharmaceutical/nutraceutical solid ingredient with respect to the atmospheric conditions plays an important role in the hydrate formation upon processing, formulation, storage and packaging. The thermoanalytical techniques such as TGA/DTG and DSC are widely used for the assessment and/or comparison of the thermal stabilities of pharmaceutical solids, determination of several kinetic parameters like activation energy, and reaction order, and achievement of drug/excipient compatibility data for the pre-formulation study. The TGA/DTG analysis identifies all types of thermal reactions in terms of variations in mass, while the DSC detects reactions that may or may not be related to the weight loss, such as physical phenomena (fusion) [@bib34]. Labuschagne [@bib35] reported that magnesium gluconate exhibited a mass loss of 5.8% at 177 °C from the TGA/DSC analysis of magnesium gluconate at a scan rate of 10 °C/min under air. In this study, TGA and DSC analyses were performed at a scan rate of 10 °C/min under nitrogen atmosphere.

### 3.5.1. TGA/DTG {#s0080}

The TGA thermogram of magnesium gluconate ([Fig. 5](#f0025){ref-type="fig"}A) revealed the three steps of thermal decomposition ([Table 3](#t0015){ref-type="table"}).Fig. 5(A) TGA thermogram and (B) DTG thermogram of magnesium gluconate.Fig. 5Table 3Thermal degradation analysis of magnesium gluconate.Table 3Steps of degradationTemperature (°C)% Weight loss1st step of degradation30.38--142.352.422nd step of degradation142.35--248.3034.623rd step of degradation248.30--895.1851.47

At 142.35 °C, magnesium gluconate exhibited a mass loss of only 2.42%, which is due to water removal from magnesium gluconate hydrate. Consequently, the second thermal degradation of magnesium gluconate occurred with a high rate of mass loss (34.62%) due to the decomposition of the hydroxyl groups and carbonyl groups of the gluconate portion. After that, magnesium gluconate exhibited the gradual mass loss of 51.47% up to 895.18 °C and the carbon oxidation occurred at the last step of degradation. Magnesium gluconate showed 88.51% weight loss from 30.38 to 895.18 °C. The DTG thermogram of magnesium gluconate ([Fig. 5](#f0025){ref-type="fig"}B) exhibited that the sample displayed two peaks at 164.48 and 243.95 °C. The onset and endset temperatures of the major peak were at 231.84 and 270.34 °C, respectively. The TGA/DTG thermograms of the analyte ([Fig. 5](#f0025){ref-type="fig"}) indicated that magnesium gluconate was thermally stable up to around 165 °C.

### 3.5.2. DSC analysis {#s0085}

The DSC thermogram of magnesium gluconate ([Fig. 6](#f0030){ref-type="fig"}) exhibited the presence of a sharp endothermic inflection at 169.90 °C along with a broad endothermic peak at 100.48 °C.Fig. 6DSC thermogram of magnesium gluconate.Fig. 6

The broad peak at 100.48 °C might be due to the vaporization temperature for removal of water present inside magnesium gluconate hydrate. The enthalpy of vaporization of this compound is found to be 24.80 J/g. The peak temperature at 169.90 °C is the melting temperature of magnesium gluconate having the enthalpy of fusion (ΔH~fusion~) of 308.70 J/g.

4. Conclusions {#s0090}
==============

The present study successfully explored the physicochemical and thermal properties of a classical pharmaceutical/nutraceutical compound like magnesium gluconate in details using PXRD, PSA, FT-IR, UV--Vis, TGA, DTG and DSC techniques. In summary, magnesium gluconate was found to be crystalline in nature having crystallite size from 14.10 to 47.35 nm, maximum absorbance peak at 198.0 nm, and thermally stable up to around 165 °C with a melting temperature at 169.90 °C having enthalpy of fusion of 308.7 J/g. The acquired data are very useful in identifying and characterizing magnesium gluconate from its various polymorphs. Therefore, pharmaceutical and nutraceutical industries might require these pieces of information for the identification, characterization and qualitative analysis of magnesium gluconate for preformulation studies and also for developing magnesium gluconate-based novel formulation. This study might enhance the readers' interest in knowing more about the solid state properties of organometallic pharmaceutical solids like magnesium gluconate.
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[^1]: Relative intensity.

[^2]: Full width at half maximum.

[^3]: d(0.1), d(0.5), and d(0.9): particle diameter corresponding to 10%~,~ 50%~,~ and 90% of the cumulative distribution, D(4,3): the average mass-volume diameter, and SSA: the specific surface area.
